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Mammalian Scribble Forms a Tight Complex
with the PIX Exchange Factor
thermore, we show that hScrib is required to anchor
PIX at the cell cortex and that dominant-negative
PIX or hScrib proteins can each inhibit Ca2-depen-
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to the LAP protein family containing LRR and PDZ do-67084 Strasbourg
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the LRR motifs target the LAP proteins to the basolateral12 rue Lhomond
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and the identity of hScrib binding partners remain un-Bio-Organique
known.Unite mixte de recherche 7509
We have looked for molecules associated with thisE´cole Europe´enne de Chimie, Polyme`res,
PDZ domain protein in mammalian cells. Two anti-et Mate´riaux
hScrib antibodies immunoprecipitated the 200 kDa67087 Strasbourg
hScrib protein (band 1) as well as two proteins havingFrance
relative molecular weights of 95 (band 2) and 80 (band
3) kD (Figure 1A), respectively, in the MCF-10.2A epithe-
lial cell line. Lano [15], a close hScrib homolog, did notSummary
coimmunoprecipitate with the same set of proteins. We
carried out MS/MS analysis by Q-TOF (quadripole timeDrosophila Scribble is implicated in the development
of flight) of the three silver-stained proteins and unam-of normal synapse structure and epithelial tissues, but
biguously identified hScrib (band 1) as well as GIT1 (Git remains unclear how it plays a role and which pro-
protein-coupled receptor kinase-interacting protein 1)cess it controls [1–3]. The mammalian homolog of
and PIX (PAK-interacting exchange factor ) as the 95Scribble, hScrib, has a primary structure and subcellu-
kDa (band 2) and 80 kDa (band 3) proteins, respectivelylar localization similar to that of its fly homolog [4],
(Figure 1B). This result was confirmed by coimmuno-but its function remains unknown. Here we have used
precipitation and Western blot analysis with antibodiestandem mass spectrometry to identify major compo-
directed against each member of the protein complexnents of the hScrib network. We show that it includes
(Figure 1C). PIX proteins share SH3, Dbl homology (DH),PIX (also called Cool-1), a guanine nucleotide ex-
and Pleckstrin homology (PH) domains at their aminochange factor (GEF), and its partner GIT1 (also called
terminus and a carboxy-terminal GIT1 binding motifp95-APP1), a GTPase activating protein (GAP) [5–8].
(GB) that directly binds to GIT1 [6, 16]. GIT1 is a multi-PIX directly binds to the hScrib PDZ domains, and
domain protein that belongs to the GIT1/PKL/p95-APP1the hScrib/PIX complex is efficiently recovered in
protein family, whose members contain an ARF-specificepithelial and neuronal cells and tissues. In cerebellar
GTPase-activating protein (ARF-GAP) domain and,granule cell cultures, hScrib andPIX are both partially
among other domains, a Spa2 homology domain (SHD)localized at neuronal presynaptic compartments. Fur-
that interacts with PIX proteins [5, 7, 17, 18]. ADP-ribosy-
lation factor (ARF) proteins are key players in numerous*Correspondence: borg@marseille.inserm.fr
6 These authors equally contributed to this work. vesicular trafficking events ranging from the formation
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Figure 1. hScrib Is Associated with a PIX-
GIT1 Complex
(A) MCF-10.2A extracts were incubated with
the indicated antibodies (hScrib1 and hScrib2
are goat antibodies mapping different epi-
topes), and separated proteins were revealed
by silver staining. Anti-PICK1 antibody was
used as a control in all experiments (control).
(B) Results of MS/MS analysis by Q-TOF of
bands 1–3. (C and D) Protein extracts of MCF-
10.2A (C) or mouse brain (D) were immuno-
precipitated by the indicated antibodies and
revealed by Western blot with anti-hScrib,
PIX, GIT1, and Lano antibodies. Lano is indi-
cated by an asterisk.
and fusion of vesicles to exocytosis and endocytosis PDZ domains (Figure 2E). GIT1 had no affinity for hScrib
but, as expected [7], directly bound to PIX (data not[19]. We could recover the hScrib-PIX-GIT1 complex
shown). PDZ domains are protein modules able to bindfrom mouse brain and intestine extracts (Figure 1D and
to carboxy-terminal peptide sequences or to other PDZdata not shown). Together, these data suggest that
domains [10]. A predicted PDZ domain binding site (TNL)hScrib forms a complex with PIX and GIT1 in vivo.
ends the PIX carboxyl terminus and is reminiscent of
the carboxy-terminal TQL motif of the oncoprotein E6,Molecular Organization of the
a known partner for hScrib PDZ domains [12]. Accord-hScrib-PIX-GIT1 Complex
ingly, the last 15 PIX residues containing the TNL motifTo delineate the minimal hScrib domain involved in this
were sufficient for an interaction with the PDZ domainsbinding, we produced hScrib recombinant proteins
of hScrib (Figure 2E). Control peptides (ErbB2, ErbB4,fused to the Nus tag in E. coli and performed pull-down
Musk, EphR, and PDGFR) having affinity for variousassays (Figures 2A and 2B). Each recombinant protein
PDZ domains [10] showed no interaction with hScrib byhad the predicted size and was recognized by anti-
two-hybrid analysis in yeast (data not shown). Removal
hScrib antibodies (Figure 2B and data not shown). Nus-
of the TNL motif in PIX peptide and in full-length PIX
hScrib precipitated PIX and GIT1 from MCF-10.2A and (TNL constructs) abrogated the interaction with hScrib
mouse brain extracts (Figure 2B) but not Dlg (data not in GST pull-down and two-hybrid assays (Figures 2D
shown), a partner for Lano [15], demonstrating specific- and 2E). Moreover, PIX, a member of the PIX family
ity of interaction within this protein family. We mapped with no apparent PDZ binding site, did not interact with
the site of binding of the PIX/GIT1 complex to the hScrib (Figure 2D). Each of the four PDZ domains of
hScrib carboxy-terminal region (residues 717–1630) hScrib and Drosophila Scribble PDZ (dScrib) domains
containing the PDZ modules (Figures 2A and 2B). Fur- had affinity for PIX, but not for ErbB2 or PIX.TNL
ther mapping of the interaction showed that binding to peptides (Figure 3A). In cotransfection assays, Flag-
GIT1 (Figure 2C) as well as to PIX (data not shown) PIX, but not Flag-PIX.TNL, coimmunoprecipitated
occurred as long as Nus-hScrib proteins contained the with hScrib (Figure 3B). Conversely, HA-hScrib, but not
PDZ domains (residues 717–1229). Moreover, GST-PDZ HA-hScrib.PDZ, associated with Flag-PIX (Figure 3C).
domains of Lin-7, Densin and X11 were unable to pull We have thus characterized an hScrib-PIX-GIT1 com-
down the PIX/GIT1 complex, in contrast to GST-hScrib plex in which the hScrib PDZ domains directly bind to
PDZ domains (Figure 2D; also Figure S1 in the Supple- PIX, a well-established interactor for GIT1.
mental Data available with this article online).
By yeast two-hybrid analysis, we showed that PIX hScrib Retains PIX at the Plasma Membrane
directly interacts with hScrib and hScrib PDZ domains The recent description of thePIX localization at presyn-
aptic sites in neurons [20] prompted us to analyze thebut not with Erbin, Dlg, AF6, PICK1, PAR3, and PAR6
Functional Interaction between hScrib and PIX
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Figure 2. Direct Interaction between the PDZ Domains of hScrib and the PIX Carboxyl Terminus
(A) Schematics of hScrib constructs. (B and C) Pull-down assays on MCF-10.2A (left panel in B and C) and brain extracts; the indicated Nus-
tagged proteins (revealed by Ponceau Red at the bottom and pointed out by asterisks) were used. Precipitated proteins were revealed
sequentially with anti-GIT1 and anti-PIX antibodies. In the brain, the two bands recognized by anti-PIX antibody correspond to two spliced
forms of PIX. (D) Pull-down assay on COS cell extracts expressing Flag-PIX proteins; the indicated GST-PDZ domains (shown by Ponceau
Red staining) were used. (E) Two-hybrid analysis in yeast. Interactions were positive () when -galactosidase activity and auxotrophy for
histidine were detected in the presence of 10 mM 3-aminotriazole. NT: not tested.
distribution of hScrib and PIX in cerebellar granule cell localized to the cytoplasm and precluded the recruit-
ment of PIX to the cell periphery upon stimulation (Fig-cultures (Figure 4). We observed that hScrib partially
colocalizes withPIX (Figure 4A), as well as synaptophy- ures 5B and 6A). Taken together, these data highlight
the important role of hScrib in the retention of PIX atsin, a neuronal presynaptic marker in cerebellar granule
cell cultures (Figure 4B, arrows). Arrowheads indicate the plasma membrane upon membrane depolarization.
structures where hScrib and synaptophysin also colo-
calize with PSD-95, a postsynaptic marker (Figure 4B). Mutations in hScrib and PIX Impair
Ca2-Dependent ExocytosisTherefore, hScrib is associated with pre- and postsyn-
aptic zones in neurons. In PC12 cells, membrane depolarization by high KCl
elicites a Ca2-dependent exocytosis, a process thatWe next aimed to evidence a possible role of hScrib
and PIX in regulated exocytosis by using the neuroen- can be monitored by the secretion of ectopically ex-
pressed human growth hormone (hGH) in cell superna-docrine PC12 cell line [21]. As in epithelial cells, hScrib
is a cell membrane-associated protein in PC12 cells, tants. Expression of Flag-PIX increased secretion of
hGH in response to high KCl stimulation, implicating thisand it partially colocalizes with SNAP25, a neuronal
membrane protein (Figures 5A and 6B). Anchoring of GEF protein in regulated exocytosis (Figure 7A). This
exocytotic effect was significantly reduced when thehScrib at the plasma membrane of epithelial cells relies
on its amino-terminal LRR motifs [11]. Likewise, only targeting of PIX at the plasma membrane (mutant
TNL) or its GEF activity (mutant L238R-L239S) wasGFP-hScrib constructs containing these repeats were
located at the cell cortex of PC12 cells (Figure 5B). Muta- knocked out [16]. Inhibition of the K-evoked secretory
activity that we measured was not total because of ation of a single residue within the thirteenth LRR of
hScrib (proline 305 changed to leucine in GFP-hScribPL cotransfection efficiency of 90% and was consistent
with the inhibition observed by others in PC12 cells [21,and GFP-hScrib1-724PL mutants) abrogated this mem-
brane localization (Figure 5B). In contrast, PIX is a cyto- 22]. We next attempted to prevent PIX anchoring at the
membrane by expressing GFP-hScrib1-724, a constructsolic protein that, upon stimulation, is recruited at the
plasma membrane, where it interacts with membrane- potentially able to compete for anchoring endogenous
hScrib at the plasma membrane. Although we could notassociated hScrib (Figure 6). Presence of the TNL motif
is mandatory for the dynamic relocalization of PIX, evidence a frank delocalization of PIX from the plasma
membrane upon expression of membrane-associatedsuggesting a role for hScrib in this process (Figure 6A).
This crucial role was further demonstrated by expres- GFP-hScrib1-724, we observed a slight decrease of hGH
secretion upon high KCl depolarization (Figure 7B). Thission of GFP-hScribPL and GFP-hScrib PDZ mutants that
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Figure 3. Disruption of the hScrib-PIX Inter-
action in Cells
(A) ELISA assays using the mentioned biotin-
ylated peptides coated on streptavidine
plates. Soluble GST indicated at the bottom
of the figure was incubated and revealed by
HRP-coupled anti-GST antibodies. Peptide
sequences are as follows: ErbB2, PTAENP
EYLGLDVPV; E6, QARQERLRRRRETQV; PIX,
VLKNMNDPAWDETNL; and PIX, VLKNMND
PAWDE.
(B and C) Cell lysates from COS cells trans-
fected with the indicated plasmids were
immunoprecipitated with anti-Scrib1 anti-
bodies. Immunoprecipitated proteins were
revealed by anti-tag (HA or Flag) antibodies.
effect was abrogated when the cytoplasmic hScrib1-724 it remains unclear how Scribble controls epithelial and
neuronal morphogenesis at the molecular level. WePL construct was expressed (Figure 7B). To strengthen
this result, we expressed dominant-negative constructs identified the hScrib-PIX-GIT1 complex in a variety of
tissues, including brain and intestine, and demonstratedthat disrupt the endogenous hScrib-PIX interaction by
sequestering PIX away from the membrane. Expres- that expression of PIX promotes regulated exocytosis
and that both GEF activity and membrane localizationsion of cytoplasmic GFP-hScribPL, GFP-hScrib PDZ, and
GFP-Scrib717-1630 (Figure 5B) able to bind to PIX signifi- of PIX mediated by hScrib are needed in this process.
How might the hScrib-ßPIX-GIT1 complex regulate exo-cantly reduced hGH secretion (Figure 7B). Expression
of GFP-hScrib1224-1630 or unrelated PDZ domains had no cytosis? Like hScrib, PIX and GIT1 are multidomain
proteins engaged in multiple protein-protein interac-effect on hGH secretion (Figure 7B). The dominant-nega-
tive hScrib mutants did not disrupt proper transport of tions. For example, PIX is a known partner for Rac1
and Cdc42, two small GTPases that belong to the Rhovesicles at the plasma membrane (data not shown) but
probably act on the later steps of exocytosis at the protein family and are involved in dynamic reorganiza-
plasma membrane. tion of the cytoskeleton [8, 23, 24]. Furthermore, PIX
has a GEF activity toward these proteins [16, 23]. Inter-
Discussion estingly, PIX displaying impaired GEF activity did not
exhibit exocytotic activity in PC12 cells (Figure 7A), sug-
gesting a role of Rac1 or Cdc42 in this process. Indeed,Although genetic studies have brought about significant
insights into the function of Scribble in Drosophila [1–3], Rac1 has recently been implicated in the control of fu-
Functional Interaction between hScrib and PIX
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Figure 4. hScrib Partially Colocalizes with PIX and Associates with Pre- and Postsynapses in Neurons.
Cerebellar granule cell cultures were stained with anti-PIX (A), anti-synaptophysin (B), anti-PSD-95 (B), and anti-hScrib (A and B) antibodies.
Arrows show colocalization of hScrib with PIX (A) and synaptophysin (B). Structures where hScrib, synaptophysin, and PSD-95 colocalized
are indicated by arrowheads (B).
sion competence, and Cdc42 has been implicated in tion of Rac1 from high KCl-stimulated PC12 cell ex-
tracts. This interaction is specific because Cdc42 waspromoting the actin structure at the plasma membrane,
two steps in exocytosis [25, 26]. Using GST-hScrib PDZ not present in the PIX-GIT1 complex bound to the
hScrib PDZ domains (Figure S1). In light of these data,domains, we were able to pull down a substantial frac-
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Figure 5. hScrib Is Targeted by Its LRR Region to the Plasma Membrane of PC12 Cells
(A) Endogenous hScrib colocalizes with the plasma membrane marker SNAP-25 and is present in the membrane fraction of PC12 cells. (B)
PC12 cells were transfected with the indicated GFP constructs and localization of the GFP was evaluated by confocal analysis. Expression
of GFP proteins was evaluated by Western blot with anti-GFP antibody.
we believe that hScrib acts as a membrane anchor for for this exchange factor in the regulation of exocytosis
in the presynaptic compartment. Interestingly, a similarPIX, which can then recruit Rac1 to form a functional
complex potentially regulating exocytosis. hypothesis was proposed upon observation of NMJ
defects in scribble mutants [3]. Together, these dataWe have characterized major components of the sig-
naling network associated with hScrib and demon- suggest that dpix and scribble might participate in a
common pathway devoted to vesicle trafficking at pre-strated a major role of the PDZ domains in assembling
the hScrib-PIX-GIT1 complex. Interestingly, the impor- synaptic sites in flies. Future genetic and biochemical
experiments will have to evaluate a potential functionaltance of the hScrib PDZ domains was recently high-
lighted by the characterization of circletail mice harbor- interaction among Scribble, PIX, and GIT1 at the NMJ
of flies. Drosophila Scribble plays a key function duringing an hScrib gene point mutation that leads to a
premature termination of the protein after the second epithelial polarization. Conservation of this LAP protein
throughout evolution suggests a similar function in ver-PDZ domain [13]. These mice exhibit a profound neural-
tube defect (craniorachischisis) and die soon after birth. tebrates [28]. The presence of an hScrib-PIX complex
at epithelial cell-cell junctions (Figure S2) implies that itRemoval of two out of four PDZ domains in hScrib may
potentially decrease interaction with the PIX-GIT1 may also function during epithelial polarization.
complex or affect the association of hScrib with addi-
tional effectors such as Vangl2, a protein required for Experimental Procedures
planar-cell polarity [14].
Nano HPLC and Mass Spectrometry AnalysisPIX proteins have been conserved throughout evolu-
Protein digestion was performed as described by Schevchenko ettion, and recent data have shed light on the role of the
al. [29]. A CapLC (Micromass Ltd., Manchester, UK) system wasPIX homolog (dPIX or rtGEF) in neurons in Drosophila
used for sample injection, preconcentration, and peptide separa-
[27]. dpix mutants display abnormal presynaptic vesicle tion. Sample preconcentration and desalting were done in 0.1%
accumulation and morphology in neuromuscular junc- formic acid in water at 30 l/min for 3 min on a precolumn cartridge
packed with a 5 m, 100 A C18 PepMap stationary-phase sorbenttions (NMJ), and these findings evoke a potential role
Functional Interaction between hScrib and PIX
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Figure 6. The Membrane-Associated hScrib Retains PIX at the Cell Periphery
(A) PC12 cells were transfected with GFP-hScrib (wild-type or mutants) and Flag-PIX (wild-type or mutants) and were treated with or without
high KCl concentrations. Localization of Flag-PIX (red) and GFP-hScrib (green) proteins was assessed by confocal analysis. The scale bar
represents 5 m. (B) Cell fractionation of resting () or KCl-stimulated () PC12 cells was done, and expression of hScrib and PIX was
evaluated by Western blot in the cytosolic (Cyt) and membrane (Mb) fractions. Note that two isoforms of PIX are present in PC12 cells. (C)
Resting () and stimulated () PC12 cells were lysed, and proteins were immunoprecipitated with anti-hScrib antibody. The presence of
hScrib and PIX in the immunoprecipitates was revealed with the indicated antibodies. This data indicates that the hScrib-PIX association
is improved upon stimulation.
materials (LC-Packings), 1 mm  300 m. After clean-up, peptides and 10% decomplemented fetal calf serum. 100 U/ml penicillin and
100 g/ml streptomycin sulfate were added in all media.were loaded on an analytical column (15 cm  75 m ID column,
packed with 3 m, 100 A C18 PepMap [LC-Packings] stationary- Cell transfections were made with Fugene 6 reagent according
to the manufacturer’s instructions (Roche Molecular Biochemicals).phase sorbent materials at a flow rate of 200 nl/min). Elution was
performed with a linear 5%–45% gradient (mobile phase B) for 35 Cell culture, transfection, and the assay of hGH release in PC12
cells were performed as described [22].min. Phase A: 0.1% formic acid in water; phase B: 0.1% formic acid
in acetonitrile.
The MS and MS/MS mass measurements were performed with a Protein Procedures
Q-TOF II hybrid mass spectrometer (Micromass Ltd., Manchester, Cells were washed twice with cold PBS and lysed in lysis buffer
UK) equipped with a Z-spray ion source and the liquid junction (50 mM HEPES [pH 7.5], 10% glycerol, 150 mM NaCl, 1% Triton
(3.5 kV). Nano LC/MS/MS data were collected via data-dependent X-100, 1.5 mM MgCl2, and 1 mM EGTA) supplemented with 1 mM
scanning (automated MS to MS/MS switching) with one collision phenylmethylsulphonylfluoride [PMSF], 10 g/ml aprotinin, and 10
energy for each precursor ion, based on the charge state and the
g/ml leupeptin. After centrifugation at 16000g for 30 min, protein
m/z of the precursor. content was measured with the Bio-Rad protein assay kit. Soluble
Data processing of LC/MS/MS data was done automatically with extracts from mouse tissues were prepared as described [15].
the ProteinLynx Process (MicroMass) module. Data analysis was For immunoprecipitation, after a preclearing procedure with aga-
done with Global Server (MicroMass, Ltd., Manchester, UK) software rose beads, cellular lysates were incubated with antibodies (5 g)
and Mascot (Matrix Science Ltd., London UK) against the NCBInr overnight. Protein G-agarose was added, and immune complexes
database. bound to beads were recovered and washed once with lysis buffer
and twice with HNTG buffer (same as lysis buffer with 0.1% Triton
X-100 final). Beads containing complexes were boiled in 1 sampleCell Culture
Human nontransformed mammary epithelial MCF10-2A cells were buffer and separated on 7.5% SDS-PAGE. In pull-down experi-
ments, Nus or GST-tagged proteins bound to agarose beads weregrown in Ham’s F12/Dulbecco Modified Eagle Medium (DMEM) sup-
plemented with 5% horse serum, 2 mM glutamine, 10 g/ml insulin, incubated with lysates for 2 hr. Washing of protein complexes was
performed as for immunoprecipitation, and proteins were separated20 ng/ml EGF, 100 ng/ml cholera toxin, and 500 ng/ml hydrocorti-
sone. COS cells were grown in DMEM containing 2 mM glutamine on SDS-PAGE and transferred on nitrocellulose for Western blot
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Figure 7. Mutants of PIX and hScrib Sup-
press High-KCl-Induced Exocytosis in PC12
Cells
(A and B) hGH release was measured in PC12
cell supernatants after transfection with the
indicated Flag-PIX or GFP-hScrib con-
structs. A Student’s t test with the corre-
sponding control values was performed: *p
0.01; **p 0.005. The expression of Flag pro-
teins was evaluated by Western blot (B).
analysis. In-gel protein detection was performed according to the DNA Constructs
silver-staining procedure of Shevchenko. For mass spectrometry Human hScrib cDNA was cloned by RT-PCR from a human brain
analysis, duplicated gels were stained with Coomassie blue. cDNA library. Mutational experiments were done according to the
For ELISA assays, biotinylated peptides (Neosystem) were coated manufacturer’s instructions with the Quick Change Kit (Stratagene).
on streptavidine plates. Soluble GST proteins were incubated and,
after incubation and washings, were revealed by HRP-coupled anti- Immunolocalization
GST antibodies. Immunolocalization of proteins and imaging were performed as de-
scribed [15] with a confocal microscope (Zeiss LSM2 or LSM510).
Antibodies
Two goat anti-hScrib antibodies from Santa Cruz Biotechnology Supplemental Data
were used for immunoprecipitation. Rabbit anti-GIT1, anti-hScrib,
Two additional figures are available with this article online at http://
and anti-Lano were already described [5, 15]. Anti-PIX polyclonal
www.current-biology.com/cgi/content/full/14/11/987/DC1/.
antibody is from Chemicon International. Anti--catenin monoclonal
antibody is from Becton Dickinson Bioscience. Anti-HA (clone 3F10)
Acknowledgmentsand anti-Flag M2 monoclonal antibodies were, respectively, from
Roche and Sigma. Anti-PSD-95 rabbit polyclonal antibody is from
We thank Drs Ben Margolis, Michel Labouesse, Daniel Birnbaum,Synpatic System GMBH. Goat anti-rabbit and anti-mouse antibodies
Marie-France Bader, and Andre´ Le Bivic for valuable comments oncoupled to horseradish peroxydase were purchased, respectively,
the manuscript. We are grateful to Sylvie Marchetto for technicalfrom Jackson Laboratory and Dako. Texas Red dye and FITC-conju-
assistance and Daniel Isnardon for confocal studies. This project isgated donkey anti-goat antibodies are from Jackson Immuno-
supported by the Institut National de la Sante´ et de la RechercheResearch laboratories.
Me´dicale, Institut Paoli-Calmettes, La Ligue Nationale Contre le
Cancer (Label Ligue), Ministe`re de la Recherche (Aide Concerte´eTwo-Hybrid Procedure
Incitative Y.B. and J.-P.B., ACI “Jeune Chercheur” J.-P.B.) and Fon-Two-hybrid assays in L40 yeast were done as previously de-
scribed [15]. dation de France (J.-P.B.). S.A. is a recipient of a Fondation de
Functional Interaction between hScrib and PIX
995
France Fellowship. C.N. is a recipient of a Conseil Re´gional/Ipsogen phatidylinositol 3,4, 5-trisphosphate-stimulated GTPase-acti-
vating proteins for ARF6. J. Biol. Chem. 275, 13901–13906.Fellowship.
19. Gasman, S., Chasserot-Golaz, S., Bader, M.F., and Vitale, N.
(2003). Regulation of exocytosis in adrenal chromaffin cells:Received: December 9, 2003
focus on ARF and Rho GTPases. Cell. Signal. 15, 893–899.Revised: April 1, 2004
20. Park, E., Na, M., Choi, J., Kim, S., Lee, J.R., Yoon, J., Park, D.,Accepted: April 2, 2004
Sheng, M., and Kim, E. (2003). The Shank family of postsynapticPublished: June 8, 2004
density proteins interacts with and promotes synaptic accumu-
lation of the beta PIX guanine nucleotide exchange factor forReferences
Rac1 and Cdc42. J. Biol. Chem. 278, 19220–19229.
21. Wick, P.F., Senter, R.A., Parsels, L.A., Uhler, M.D., and Holz,1. Bilder, D., Li, M., and Perrimon, N. (2000). Cooperative regulation
R.W. (1993). Transient transfection studies of secretion in bovineof cell polarity and growth by Drosophila tumor suppressors.
chromaffin cells and PC12 cells. Generation of kainate-sensitiveScience 289, 113–116.
chromaffin cells. J. Biol. Chem. 268, 10983–10989.2. Bilder, D., and Perrimon, N. (2000). Localization of apical epithe-
22. Vitale, N., Chasserot-Golaz, S., Bailly, Y., Morinaga, N., Froh-lial determinants by the basolateral PDZ protein Scribble. Nature
man, M.A., and Bader, M.F. (2002). Calcium-regulated exo-403, 676–680.
cytosis of dense-core vesicles requires the activation of ADP-3. Roche, J.P., Packard, M.C., Moeckel-Cole, S., and Budnik, V.
ribosylation factor (ARF)6 by ARF nucleotide binding site opener(2002). Regulation of synaptic plasticity and synaptic vesicle
at the plasma membrane. J. Cell Biol. 159, 79–89.dynamics by the PDZ protein Scribble. J. Neurosci. 22, 6471–
23. Shin, E.Y., Woo, K.N., Lee, C.S., Koo, S.H., Kim, Y.G., Kim, W.J.,6479.
Bae, C.D., Chang, S.I., and Kim, E.G. (2004). Basic fibroblast4. Santoni, M.J., Pontarotti, P., Birnbaum, D., and Borg, J.P. (2002).
growth factor stimulates activation of Rac1 through a p85 betaThe LAP family: a phylogenetic point of view. Trends Genet. 18,
PIX phosphorylation-dependent pathway. J. Biol. Chem. 279,494–497.
1994–2004.5. Premont, R.T., Claing, A., Vitale, N., Freeman, J.L., Pitcher, J.A.,
24. Wu, W.J., Tu, S., and Cerione, R.A. (2003). Activated Cdc42Patton, W.A., Moss, J., Vaughan, M., and Lefkowitz, R.J. (1998).
sequesters c-Cbl and prevents EGF receptor degradation. Cellbeta2-adrenergic receptor regulation by GIT1, a G protein-cou-
114, 715–725.pled receptor kinase-associated ADP ribosylation factor
25. Humeau, Y., Popoff, M.R., Kojima, H., Doussau, F., and Poulain,GTPase-activating protein. Proc. Natl. Acad. Sci. USA 95,
B. (2002). Rac GTPase plays an essential role in exocytosis by14082–14087.
controlling the fusion competence of release sites. J. Neurosci.6. Bagrodia, S., Taylor, S.J., Jordon, K.A., Van Aelst, L., and Ceri-
22, 7968–7981.one, R.A. (1998). A novel regulator of p21-activated kinases. J.
26. Gasman, S., Chasserot-Golaz, S., Malacombe, M., Way, M., andBiol. Chem. 273, 23633–23636.
Bader, M.F. (2003). Regulated exocytosis in neuroendocrine7. Zhao, Z.S., Manser, E., Loo, T.H., and Lim, L. (2000). Coupling
cells: a role for subplasmalemmal Cdc42/N-WASP-induced ac-of PAK-interacting exchange factor PIX to GIT1 promotes focal
tin filaments. Mol. Biol. Cell 15, 520–531.complex disassembly. Mol. Cell. Biol. 20, 6354–6363.
27. Parnas, D., Haghighi, A.P., Fetter, R.D., Kim, S.W., and Good-8. Di Cesare, A., Paris, S., Albertinazzi, C., Dariozzi, S., Andersen,
man, C.S. (2001). Regulation of postsynaptic structure and pro-J., Mann, M., Longhi, R., and de Curtis, I. (2000). p95–APP1
tein localization by the Rho-type guanine nucleotide exchangelinks membrane transport to Rac-mediated reorganization of
factor dPix. Neuron 32, 415–424.actin. Nat. Cell Biol. 2, 521–530.
28. Dow, L.E., Brumby, A.M., Muratore, R., Coombe, M.L., Sedelies,9. Nelson, W.J. (2003). Adaptation of core mechanisms to generate
K.A., Trapani, J.A., Russell, S.M., Richardson, H.E., and Hum-cell polarity. Nature 422, 766–774.
bert, P.O. (2003). hScrib is a functional homologue of the Dro-10. Nourry, C., Grant, S.G., and Borg, J.P. (2003). PDZ domain pro-
sophila tumor suppressor Scribble. Oncogene 22, 9225–9230.teins: plug and play! Sci.STKE. RE7.
29. Shevchenko, A., Wilm, M., Vorm, O., and Mann, M. (1996). Mass11. Legouis, R., Jaulin-Bastard, F., Schott, S., Navarro, C., Borg,
spectrometric sequencing of proteins silver-stained polyacryl-J.P., and Labouesse, M. (2003). Basolateral targeting by leucine-
amide gels. Anal. Chem. 68, 850–858.rich repeat domains in epithelial cells. EMBO Rep. 4, 1096–1102.
12. Nakagawa, S., and Huibregtse, J.M. (2000). Human scribble
(Vartul) is targeted for ubiquitin-mediated degradation by the
high-risk papillomavirus E6 proteins and the E6AP ubiquitin-
protein ligase. Mol. Cell. Biol. 20, 8244–8253.
13. Murdoch, J.N., Henderson, D.J., Doudney, K., Gaston-Massuet,
C., Phillips, H.M., Paternotte, C., Arkell, R., Stanier, P., and Copp,
A.J. (2003). Disruption of scribble (Scrb1) causes severe neural
tube defects in the circletail mouse. Hum. Mol. Genet. 12, 87–98.
14. Montcouquiol, M., Rachel, R.A., Lanford, P.J., Copeland, N.G.,
Jenkins, N.A., and Kelley, M.W. (2003). Identification of Vangl2
and Scrb1 as planar polarity genes in mammals. Nature 423,
173–177.
15. Saito, H., Santoni, M.J., Arsanto, J.P., Jaulin-Bastard, F., Le
Bivic, A., Marchetto, S., Audebert, S., Isnardon, D., Adelaide,
J., Birnbaum, D., et al. (2001). Lano, a novel LAP protein directly
connected to MAGUK proteins in epithelial cells. J. Biol. Chem.
276, 32051–32055.
16. Manser, E., Loo, T.H., Koh, C.G., Zhao, Z.S., Chen, X.Q., Tan,
L., Tan, I., Leung, T., and Lim, L. (1998). PAK kinases are directly
coupled to the PIX family of nucleotide exchange factors. Mol.
Cell 1, 183–192.
17. Premont, R.T., Claing, A., Vitale, N., Perry, S.J., and Lefkowitz,
R.J. (2000). The GIT family of ADP-ribosylation factor GTPase-
activating proteins. Functional diversity of GIT2 through alterna-
tive splicing. J. Biol. Chem. 275, 22373–22380.
18. Vitale, N., Patton, W.A., Moss, J., Vaughan, M., Lefkowitz, R.J.,
and Premont, R.T. (2000). GIT proteins, a novel family of phos-
